• Managers of large, heterogeneous landscapes with limited financial resources can use ecological site concepts and state-and-transition models to identify landscape divisions with the highest chances of responding favorably to management activities.
ejon Ranch is a spectacular landscape valued for its cultural heritage, livestock production, and biological diversity. At 109,000 ha, it is the largest contiguous, privately owned property in California. Its varied terrain and types of rock demonstrate its complex geologic history, and this geophysical composition is ultimately responsible for many of the biological patterns seen in the grasslands, shrublands, savannas, and wetlands of the ranch today.
Tejon lies at the convergence of three of California's major biogeographic zones (Fig. 1) . The Tehachapi Mountains, part of the Montane biogeographic zone, trend diagonally on the property. The Garlock Fault runs through the spine of the range. North of the fault at the base of the mountains lies the San Joaquin Valley in the Mediterranean biogeographic zone. The southern face of the Tehachapis gives way to the Antelope Valley, the westernmost wedge of the Mojave Desert. Overall, the climate of this ecotone is Mediterranean, with cool, wet winters, and warm, dry summers. The air temperature, on average, is 25°C in August and 9°C in January. Rainfall varies greatly among years, with an overall long-term average of 22 cm (Fig. 2) .
Under the 2008 Tejon Ranch Conservation and Land Use Agreement, the Tejon Ranch Company (landowner) retained the right to conduct commercial ranching and other commercial uses within 97,000 ha of conserved lands, while the Tejon Ranch Conservancy established specific conservation objectives and grazing management tactics that govern livestock management on those lands. Ranch-wide management plans that govern the landowner's reserved land use rights are to be revised every 5 years. In June 2013, with the adoption of its first ranch-wide plan, the Conservancy became one of the first non-governmental organizations in California with a full-fledged adaptive management plan for grasslands. The Tejon Ranch Conservancy and University of California partnered to make testable predictions about the effects of management on the 44,000 ha of grasslands on the ranch.
Important Concepts Defining Ecological Site Groups and Vegetation Dynamics
California's Mediterranean climate, along with its active geology, creates regional islands of native species diversity. However, these regional islands are also susceptible to invasions by plants and animals from other Mediterranean areas. 1 
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Recently, anthropogenic nitrogen deposition has increased soil nitrogen, creating more hospitable conditions for exotics. 2 In Californian annual grasslands, as in other rangeland types worldwide, soils and vegetation vary together across short distances, 3 and rainfall fluctuates greatly over time. Because annual plant production and species composition vary closely with these abiotic factors, 4 annual grasslands behave as persistent nonequilibrium systems, in which abiotic factors govern plant community dynamics more than biotic processes such as grazing do. 5 As a result, management is more likely to be successful if it is tailored within the constraints of abiotic factors such as rainfall events, fire, and particular soils. 6 Accordingly, cataloguing the variation in rainfall and underlying geo-topo-edaphic heterogeneity is critical for understanding the system and making predictions about the influences of management. Ecological sites and state-and-transition models (STMs) are conceptual tools ideally suited to the task.
Generalized State and Transition Models
When we began work in 2008, no official Ecological Site Descriptions had been developed for Tejon Ranch. Therefore, we developed a novel approach guided by the NRCS ecological site philosophy 7, 8 but adapted to the immediate needs of the Tejon Ranch Management Plan. Through extensive reconnaissance of the landscape, use of local knowledge, and review of available geologic research and soil surveys, we conceptualized the Tejon grassland landscape as an assemblage of geologic landform classes. 9 We defined a "geologic landform" as a unit of land with a distinct combination of biogeographic region, elevation, slope, geologic material and age, and dominant formative geomorphic process. We hypothesized that each geologic landform class would support a distinct set of soils and vegetation dynamics (historical states, contemporary states and community phases, and probable responses to management) and therefore would form the basis for a distinct ecological site. We tested this hypothesis by establishing 57 permanent, 0.3-ha plots randomly sited in grasslands within strata defined by the geologic landform classes.
First, we assayed the plots' surface chemical and textural soil properties and estimated historical conditions using soil phytoliths 10 and historical accounts. 11 We then resampled the plots for several years on an annual basis during peak live biomass conditions, measuring plant species composition, photo-documenting the surrounding landscape, and estimating the previous year's cattle and wildlife use. We used our findings to statistically test our hypothesis that each geologic landform stratum supported a distinct suite of biophysical properties and spatial and temporal patterns. After using analytical results to refine our ecological site classification, we catalogued community phases, states, and transitions for each ecological site. The ecological sites we identified are analogous to Ecological Site Groups in scale and delineation criteria. 12 We present STMs for four ecological sites located north of the Garlock Fault on Tejon Ranch (Table 1, Fig. 3 ). Assessing the four STMs together revealed that in comparison to the other classified sites north of the fault, the Holocene Flats had the greatest potential to support native plant and animal conservation targets. Accordingly, we prioritized the Holocene Flats for conservation management. In the following sections, we explore the Holocene Flats STM and evaluate its potential to support specific conservation objectives.
Important Challenges for Conservation Land Management
Conservation management goals for Californian annual grasslands typically include preserving and enhancing native biodiversity. 13 Because grazing has a weaker influence on vegetation dynamics than physical factors in Californian annual grasslands, conservation management has emphasized site stability (soil protection) through maintaining desired levels of residual dry matter more than specialized grazing systems. 14 For any management objective, the spatial and temporal complexity of the Californian annual grassland system means that approaches effective on one site at one time may not work on another site at another time. 15 For example, almost 500 species of native annual forbs are patchily distributed in Californian annual grasslands, 16 and they are common restoration targets. The abundance and diversity of native annual forbs at a given site depends on the physical features of the site, past management, and annual weather patterns. 12 Further, many San Joaquin Valley grassland vertebrates of conservation concern appear to be associated with specific plant species assemblages or grassland structural characteristics. 17 Because the factors associated with these desirable plant and animal species are heterogeneously distributed across space and time, management practices need to incorporate as much information as possible about spatial and temporal variability and to accommodate that variability in planning. This is a challenge for managers with large landscapes and limited financial resources.
Applications to Decision-Making and Recommendations for Improvement
The Native annual forbs and lupines community phase in the Current Annual Grassland State of the Holocene Flats (Fig. 3) shows the highest potential to support native plants of any classified unit north of the Garlock Fault and appears to provide the best habitat for the federally endangered San Joaquin kit fox (Vulpes macrotus mutica) and blunt-nosed leopard lizard (Gambelia sila). These conservation target vertebrate species prefer low biomass conditions, and their habitat quality is reduced when exotic annuals, particularly grasses, are abundant. 17 Native plant abundance and seed germination are also depressed by high levels of litter created when exotic grasses dominate. Our conservation management hypothesis for this ecological site group is that conservation targets are favored when native annuals dominate and residual biomass remains low (i.e., Native annual forbs and lupines community phase), and are not when exotic annuals dominate and residual biomass is high (i.e., Red brome community phase).
Transitions from the Historical State-a plant community free of exotic annual plant species-to the Current Perennial State (T1) and Current Annual Grassland State (T3) occurred with species invasions beginning in the late 18 th century. centuries, facilitated by cultivation, livestock grazing, and increased fire frequency and intensity associated with elevated fuel loading from exotic annuals. 11 Transitions T1, T3, and T6 are probably irreversible. However, within the Current Annual Grassland State, we hypothesize that we can create significant shifts between community phases dominated by exotic annuals or by native annuals. From our study, guided by the STM conceptual framework, we now know that exotic annual grass abundance on the Holocene Flats ecological site group is favored by steady rainfall early in the growing season with a significant spike in December. 12 We hypothesize that tailoring livestock grazing to modify vegetation structure under prevailing rainfall conditions is our best bet for achieving conservation goals.
Because Tejon Ranch is so extensive and employs little active herding, grazing management generally must be applied at the pasture scale. The very large pastures at Tejon Ranch, spanning 2,000 to 16,000 ha, were configured over many decades to achieve livestock production objectives. Since 2008 consideration of conservation goals has significantly increased. Our understanding of the distribution of the Holocene Flats has allowed us to identify needs for improved ranching infrastructure to better align pasture configuration with the ecological site group, design and apply an efficient geographically focused adaptive management monitoring program, and justify to private and public funding sources our management rationale and expected outcomes. This conceptual framework has also helped to enhance communication between the Conservancy and the ranching lessees, Haploxerolls helping all to better understand how the variation in grassland landscapes can affect the distribution of conservation targets and the motivation for particular management strategies. Using the Conservancy's privately raised funds in concert with Environmental Quality Improvement Program cost sharing with the ranching lessee, a 2,225-ha pasture was divided along ecological site boundaries and new livestock waters were installed in a newly circumscribed Holocene Flats pasture. Further, on that and other Holocene Flats pastures, a collaborative NRCS Conservation Innovation Grant is funding adaptive grazing management trials to create low vegetative biomass conditions for grassland conservation goals and to evaluate the capacity for managed grazing to maintain low biomass conditions in the face of weather-driven community phase shifts to exotic annual dominance. Results of these adaptive management trials are forthcoming. Characterizing the community phases, states, and transitions of grassland ecological sites has helped us to better understand the nature of ecological change on the 109,000-ha Tejon Ranch landscape, identify landscape divisions with the highest potential to support our native biodiversity targets, and formulate testable predictions about the efficacy of livestock grazing as a conservation management tool. Accordingly, applying ecological site concepts to adaptive conservation management has allowed us to translate substantial spatial and temporal complexity into pasture-level management targets.
